This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. Cancer-associated fibroblasts (CAF) are a key component in the tumor microenvironment and play functional roles in tumor metastasis and resistance to chemotherapies. We have previously reported that CAF isolated from lymphoma samples increase anaerobic glycolysis and decrease intracellular production of reactive oxygen species, promoting the survival of tumor cells. Herein, we analyzed the mechanisms underlying this support of tumor-cell survival by CAF. As direct contact between lymphoma cells and CAF was not indispensable to survival support, we identified that the humoral factor pyruvate was significantly secreted by CAF.
| INTRODUC TI ON
Malignant lymphoma is the most common hematological malignancy. As indicated by the existence of more than 80 subtypes in the current World Health Organization classification, the disease is quite heterogeneous. 1 In terms of B-cell lymphoma, application of anti-CD20 monoclonal antibodies targeting common B-cell antigens has improved clinical outcomes for the disease. [2] [3] [4] However, about half of patients with malignant lymphoma show refractory disease, and dealing with intractable cases thus continues to be a priority.
Many recent studies have indicated that genetic abnormalities of MYC and BCL2 in tumor cells are closely associated with the poor prognosis of B-cell lymphoma. [5] [6] [7] [8] In contrast, as shown by the clinical efficacies of anti-programmed cell death protein 1
(anti-PD1) antibody for Hodgkin lymphoma (HL) and extranodal natural killer (NK)/T-cell lymphoma, the tumor microenvironment (TME) is deeply involved in susceptibility to chemotherapies. [9] [10] [11] The TME comprises tumor cells and multiple non-cancerous cells, including fibroblasts, endothelial cells, pericytes, and immunoregulatory cells surrounding neoplastic cells. 12 Interactions between tumor cells and non-cancerous cells develop a favorable microenvironment for tumor cells, resulting in the acquisition of resistance to various therapies. 13 Fibroblasts are known to represent one of the key components of tumor stroma, and many studies have suggested a prominent functional role for cancer progression and metastasis. 12, 14 Fibroblasts associated with cancer are activated and have been termed cancerassociated fibroblasts (CAF). In the TME of various tumors, humoral factors released from CAF play fundamental roles in tumor metastasis, resistance to chemotherapy, and epithelial-to-mesenchymal transition (EMT). [15] [16] [17] [18] [19] [20] In malignant lymphoma, we have previously reported that a mouse-derived fibroblastic reticular cell (FRC) line supported lymphoma cells from patient-derived xenograft (PDX) models, indicating that fibroblasts also play many functional roles in the lymphoma microenvironment. 21, 22 This report examined how CAF isolated from primary lymphoma samples support primary lymphoma cells in vitro and clarified the components vital for these abilities.
| MATERIAL S AND ME THODS

| Patient samples
Samples from patients who received lymph node biopsies were obtained at Nagoya University Hospital. The study protocol for the experimental use of patient samples was approved by the institu- 
| Establishment of patient-derived CAF
Patient-derived CAF were established as described previously. 22 In brief, residue from a fresh patient sample mashed to obtain a cell suspension 
| Expansion of primary tumor samples
Primary tumor samples were expanded as follows. Fresh patient samples were mashed and filtered through 70-μm culture mesh, followed by coculture with the established CAF in the above-mentioned RPMI culture medium. Whole non-adherent samples were serially cocultured with the CAF split once a week. After about 1 month, subsets of non-adherent cells were expanded, which were confirmed as Bcell lymphoma cells by flow cytometry. The expanded tumor cells were maintained by coculture with CAF, and experiments using the expanded tumor cells were carried out within 1 month.
| Isolation of tumor cells
Primary B-cell lymphoma cells or reactive B-cell counterparts were magnetically isolated from frozen samples using CD19 beads (Miltenyi Biotec, Bergisch Gladbach, Germany). 
| RNA preparation and RT-PCR
| Immunoblotting
Immunoblotting was carried out using the following antibodies appropriately diluted in TBS-Tween buffer containing 5% BSA and 0.05% sodium azide: anti-cleaved caspase 3 (CC3) (clone 5A1E;
Cell Signaling Technology, Danvers, MA, USA), anti-γH2A.X (S139) (GTX127340; GeneTex, Irvine, CA, USA), and anti-GAPDH (sc-25778; Santa Cruz Biotechnology, Dallas, TX, USA). The experimental procedures have been described previously. 23 Images were obtained using a LAS4000mini bio-imager (FUJIFILM, Tokyo, Japan) and analyzed using MultiGauge software (FUJIFILM).
| Cell death assessment
To evaluate cell death for monocultured tumor cells, propidium iodide (PI) and annexin V-FITC assay were carried out as detailed previously. 23 at 4°C. Antigens were assessed by flow cytometry as described above. 
| Immunohistochemistry
Formalin-fixed, paraffin-embedded tissues of patient samples were evaluated by routine H&E staining and immunohistochemistry using the following primary antibodies: anti-CD20 (clone L26; Dako, Glostrup, Denmark), anti-αSMA (Dako), and anti-CD31 (ab28364; Abcam, Cambridge, UK). The staining procedure for immunohistochemistry was as described previously. 24 Specimens were observed using a BX51 N-34 microscope (Olympus, Tokyo, Japan), and the photographs were taken with a BZ9000 (Keyence, Osaka, Japan).
| Evaluation of intracellular reactive oxygen species
Levels of intracellular reactive oxygen species (ROS) were meas- 
| Metabolome analysis
To analyze comprehensive metabolites secreted from CAF, metabolomic analyses were carried out. In brief, intracellular metabolites were extracted with methanol. Culture supernatants or cell extracts were dried in vacuum and re-solubilized in Milli-Q water (Merck Millipore, Billerica, MA, USA) for capillary electrophoresis-time-of-flight mass spectrometry (CE-TOFMS)
analysis. Metabolite analysis using a CE-TOFMS system 25 was carried out by Human Metabolome Technologies (Tsuruoka, Japan).
Concentrations of metabolites were determined from corresponding peak areas normalized to those of the internal standard (H3304-1002; Human Metabolome Technologies) using threepoint calibration curves.
| High-performance liquid chromatography analysis
To determine the quantities of specific metabolites in supernatants 
| Statistical analysis
Quantitative results using available cell lines or primary lymphoma cells are presented as mean ± standard error of the mean or SD taken from two or three independent experiments. When repeated experiments were difficult using limited primary samples, data were taken from a single experiment. The statistical significance of in vitro experiments was evaluated using an unpaired t-test or by two-way analysis of variance, with values of P < .05 considered significant.
All statistical analyses were done using R software (R Foundation for Statistical Computing, Vienna, Austria) or GraphPad PRISMv7
(GraphPad Software Inc., La Jolla, CA, USA). 
| RE SULTS
| Isolation of CAF from primary patient samples with lymphoid malignancies
At least in part of primary patients' samples, adherent cells could be initiated to proliferate on the bottom of the dish ( Figure 1A ).
Representative pathological specimens for which adherent cells were able to be cultured at an early stage in our study are shown in Figure 1B . For lymph nodes (LN) of two patients (Pt)#1 and Pt#2, the structure of lymphoid follicles was retained and outgrowth of CD20-positive tumor cells was seen to lead to the diagnosis of follicular lymphoma ( Figure 1B ; Table S2 ). Continued culture of adherent cells proliferating on the bottom of the dish allowed successful isolation of fibroblasts ( Figure 1C ). Isolated fibroblasts could be cultured for a long time, and flow cytometric analysis showed that those fibroblasts were positive for αSMA, activated myoblast markers, and negative for CD31, vascular endothelial markers, indicating that the characteristics of these fibroblasts coincided with those of CAF ( Figure 1D ). 12 Other surface phenotypes of those fibroblasts were negativity for CD45, CD21, CD35, and VCAM1, and positivity for ICAM1 and CD44 ( Figure S1 ). Fluorescent immunohistochemical staining for pathological specimens showed that αSMA-positive fibroblasts and CD31-positive blood vessels existed around neoplastic follicles ( Figure 1E ). To expand our considerations, we continued to culture other lymphoma samples. Fibroblasts were isolated from seven patients with lymphoma (Table S2 ). All cells showing positive results for αSMA were considered to represent CAF ( Figure 1F ).
CAF that were culturable for more than 2-3 months were isolated from neoplastic lymph nodes only, not from reactive tissue (data not shown).
| Support of tumor cell survival by CAF
We have previously reported that the BLS4 mouse FRC line, which was established from a mouse lymph node, 26 enabled culture of PDX lymphoma cells 21 and that CAF also supported survival of primary patient lymphoma cells in vitro. 22 Primary patient lymphoma cells (Pt#8 with Burkitt lymphoma, and Pt#9 with high-grade B-cell lymphoma, not otherwise specified) could proliferate in coculture with CAF#1 and CAF#2 in vitro, whereas neither cell type could survive in monoculture (Figure 2A ,B; Table S2 ). For immunoblotting to evaluate cell death, higher expression of γH2A.X and cleaved cas- Relative metabolic activity patient with marginal zone B-cell lymphoma (MZBCL) were not supported ( Figure 2D ; Table S2 ). In addition, we analyzed whether survival support from CAF differed among lineages of lymphoma cells.
Intriguingly, primary lymphoma cells could survive irrespective of lineage, including B cells and T cells ( Figure 2E ; Table S2 ). We thus hypothesized that some types of humoral factors from CAF were associated with such support of survival for primary lymphoma cells.
Survival support of primary B-cell lymphoma cells (Pt#1, Pt#2, Pt#5, and Pt#6; numbers indicating each patient match with corresponding CAF in Table S2) could not detect apparent differences in ROS production ( Figure 2I ).
Survival of lymphoma cells cultured with conditioned medium released from CAF from the corresponding patient varied, but was higher than survival with normal complete media ( Figure 2J ). In addition, the increased survival of lymphoma cells cultured with conditioned medium contributed to resistance to the anticancer drug doxorubicin ( Figure 2K ). Collectively, these data indicate that humoral factors from CAF could be involved in survival support of patient lymphoma cells.
| Role of pyruvate released from CAF in survival support
We next analyzed the metabolites from CAF that contribute to survival support. Among 41 metabolites analyzed using CE-TOFMS assay, pyruvate was identified as the most increased metabolite secreted into the conditioned medium from CAF ( Figure 3A ; Table   S3 ). We also confirmed that pyruvate was secreted into the media at higher concentrations in HPLC ( Figure 3B,C) . Addition of pyruvate to culture media contributed significantly to survival of primary DLBCL (n = 9) and FL cells (n = 14) ( Figure 3D ). In line with the increased survival seen on addition of pyruvate to culture media, intracellular ROS production was decreased in DLBCL and FL cells ( Figure 3E ). We subsequently evaluated the significance of pyruvate 
| D ISCUSS I ON
In this analysis, we successfully isolated CAF from primary lymph In the present study, we were able to isolate CAF from various types of lymphoid malignancies, including DLBCL, FL, and HL.
Considering that long-term culture of fibroblasts from reactive lymph nodes was considered impossible, fibroblasts are widely activated as CAF in malignant lymphoid tumors irrespective of the histological type. However, we observed differences in survival support between histological types. We used CAF#1 and CAF#2, which In the present analysis, reliance on the citric acid cycle in tumor cells increased in cultures with conditioned medium from CAF.
Generally, the TME is known to be under hypoxic conditions and promotes a metabolic switch in tumor cells away from mitochondrial respiration to glycolysis. 28 According to our previous report, tumor cells in coculture with CAF promote anaerobic glycolysis as indicated by the increased expressions of HK2 and PDK1. 22 Considering the complexity in terms of energy production in tumor cells, tumor cells might coordinate the regulation of aerobic glycolysis and the citric acid cycle according to the specific TME. [30] [31] [32] Clarification of associations between metabolic changes and survival of lymphoma cells represents an interesting topic for future analyses.
In conclusion, we successfully isolated CAF from primary lymph node samples from patients with different types of lymphoma.
Pyruvate secreted from CAF appears to play an important role in the survival of tumor cells. Considering that CAF carry out various functions in the TME, the findings of this study could represent only a fraction of what occurs in the TME. Future investigations to uncover the role of CAF in the lymphoma microenvironment may provide a gateway to overcoming this intractable disease.
